Abstract-An innovative dissipative multi-beam network for triangular arrays of three radiating elements is proposed. This novel network provides three orthogonal beams in θ 0 elevation angle and a fourth one in the broadside steering direction. The network is composed of 90º hybrid couplers and fixed phase shifters. In this paper, a relation between network components, radiating element distance and beam steering directions will be shown. Application of the proposed dissipative network to the triangular cells of three radiating elements that integrate the intelligent antenna GEODA will be exhibited. This system works at 1.7 GHz, it has a 60º single radiating element beamwidth and a distance between array elements of 0.57 λ. Both beam patterns, theoretical and simulated, obtained with the network will be depicted. Moreover, the whole system, dissipative network built with GEODA cell array, has been measured in the anechoic chamber of the Radiation Group of Technical University of Madrid, demonstrating expected performance.
INTRODUCTION
From the beginning of telemetry, tracking and command (TT&C) systems, mechanical scanning antennas have been employed at ground stations. As it is well-known, this technique is not only sensitive to gravity and mechanical failure but also slow, making simultaneous satellite communications infeasible. The use of electronically scanned antenna arrays overcomes these limitations, allowing much faster multi-beam scans without physical antenna rotation, [1, 2] . These types of systems that use information from the link environment to set the beam shape are called intelligent architectures [3] .
In order to improve the ground station performance, many studies have been carried out in the field of electronic scanning systems, in which large arrays composed of thousand of radiating elements have been considered. Generally, these array structures are divided into subarrays based on cells of at least three radiating elements [4] [5] [6] . This segmentation reduces the total number of active circuits required, such as amplifiers or phase shifters [7] , decreasing total cost and improving efficiency. However, this simplification may imply short restriction in the beam steering precision control that must be taken into account [8] . Electronic steering technique is based on the control of the relative phase associated to each antenna that composes the whole array. The relative phase can be modified by using signal processing algorithms, e.g. MUSIC [9] or ESPRIT [10] , or placing phase shifter circuits inside the hardware antenna.
Nowadays, software/hardware hybrid architectures are gaining special interest because its versatility. Therefore, the study of structures that provides multiple beams in different spatial range associated to each cell is needed. In this paper, a new multibeam network configuration that provides three orthogonal beams in θ 0 elevation angle and an extra one with broadside steering direction by feeding a triangular array of three radiating elements will be introduced. Section II will present a short introduction to the state of art of classical multibeam networks [11, 12] . Section III will comment lossless networks analysis, including two original lossless networks designs [13] . Section IV will show general dissipative matrices theory as well as many applications for array antennas of three radiating elements. In Section V final multi-beam network proposed will be simulated, built and measured in a practical case. Finally, Section VI will collect the conclusion drawn during the paper.
II. GENERAL MBFM SCHEME
One of the most important tasks in a phased array antenna is designing the beam forming network (BFN). A BFN essentially provides the necessary amplitudes and phases to the radiating elements to produce the desired beams. In particular, for a multiple-beam array, an appropriate BFN is vital in order to distribute the signals to the radiating ports properly.
Most common types of BFNs are presented in [7] , where Butler matrix, Blass network, Rotman lens and many more are explained. Some of the designs studied in this paper are based on Butler matrix modifications. Butler matrix is employed to produce 2 n orthogonal beams in linear arrays composed of 2 n radiating elements, where n is a positive integer. Changing some configuration details it is possible to break the limits of this useful network, as will be shown later.
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where S T equals S R H if the network is reciprocal.
III. LOSSLESS NETWORK FOR TRIANGULAR ARRAYS
When a network is reciprocal and lossless, the product of the scattering matrix and its transpose conjugate is the identity matrix,
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This implies that vectors related to the columns of each matrix S T and S R have to be orthonormal to each. Hence,
• The number of input and outputs must be the same.
Otherwise, matrices would be non-square matrices and one of them would have more vectors than matrix range wherewith it would be impossible to obtain orthogonal beams to each.
• Unitary excitations indicate that the output power is equal to the input power.
• Vectors are orthogonal. When an input port is excited, the radiation pattern obtained will be orthogonal to any other one generated by any other input port.
A. Basic Equations
In order to analyze a triangular 'cell', it is assumed patches are located over vertices of an equilateral triangle with d side length. Figure 1 shows a scheme where:
Considering the steering direction of the first beam as θ = θ 0 , φ = 0 , and taking into account that the array factor is given by,
Contemplating the fact that feeding phases must satisfy the condition of adding the contributions of each array element in the steering direction, then, Hence, it is shown that,
2) where ,
Rotating S parameters, (5.1) and (5.2), three different beams are obtained. The other two beams will be orthogonal, keeping a rotational symmetry with the same elevation angle and ±120º related to the azimuth angle.
Imposing the orthogonal condition, (2), ensured through mutually orthogonal excitation vectors at the array port,
Main steering directions θ 0 , depends on both, distance and feeding signal relation, between elements. Table I shows array factor θ 0 for different distances between elements d, and different amplitude/phase feeding relation a/b, (note: it does not take into account the radiation pattern of the single radiating element). Should be noted that when the feeding amplitude is the same for the three elements then it is needed a 120º feeding phase shifts β.
B. Lossless Network Designs
Once analysis has been performed, the hard task is to find structures that fulfill the desired behavior. Different 3x3 MBFN schemes based on hybrid couplers and fixed phase shifter has been studied, [13] . Figure 2 (a) shows a scheme based on Butler network that provides uniform amplitude a/b equals 1 with β equals 120º. Figure 2 (b) depicted a rotation symmetric scheme that offers a perfect symmetrical behavior between inputs and outputs. Intrinsic features of these networks limit the number of beams provided at the number of radiating elements and impose the orthogonally between those beams. This analysis shows the need for a beam in the broadside direction. Therefore, this research leads to consider the possibility of using dissipative networks, which are capable of providing a higher number of beams than the radiating elements compounding the cell. 
IV. DISSIPATIVE NETWORK FOR TRIANGULAR ARRAYS
Because of these networks have losses, there is no need to accomplish beams orthogonal condition, which gives a greater degree of freedom that could be used to control beam steering directions. It is worth noting the orthogonal condition ensures maximum array gain. However, when radiating elements are related to radiofrequency circuits in which amplifiers are found, the relevant parameter is the factor G/T that shows the quality of the antenna. As a result, there is no problem on using dissipative network whenever there is an amplifier stage.
The scattering matrix associated to the dissipative network under study, which has three orthogonal beams in θ 0 (columns 2 to 4) and an additional beam in the broadside direction (column 1), is as follows, 
The steering direction of the three orthogonal beams depends on the feeding factors, (b,c), and on the distance between elements of the array, (d), and it is giving by,
Losses associated with the network are related to the broadside beam power as,
Several dissipative networks for triangular arrays have been studied. The most common difficult, is to avoid the appearance of side lobes and diffraction, as shown in [13] , where the truncated Butler network for three radiating elements shown in Fig. 3 was presented and analyzed. 
(10) The analysis of the scattering parameters of the network shows the relation between components. This analysis seeks to match the scattering matrix associated to the dissipative network proposed, (10) , to the desired pattern scattering matrix, (6) . It shows the behavior of the network is governed by the value of the central coupler, which determines the phase shifters needed. The relation between the steering direction angle θ 0 and the phase shift between elements β is given by,
The steering direction of the orthogonal beams as well as losses associated with each of the beams depends on the coupler c as, Table II shows beam steering directions θ 0 and distributed signal amplitudes and phases depending on the parameters c , α and d . Losses introduced by the network are also calculated, both θ 0 beams steering direction, L θ 0 , and broadside beams, L 0º , Table III . Microstrip application of the proposed dissipative network to the triangular cells of three radiating elements that integer the intelligent antenna GEODA, which is composed of 2.700 radiating elements working at 1.7 GHz with a 60º single radiating element beamwidth and a distance between array elements d of 0.57 λ [6, 14, 15] , is exhibited in this section.
Looking for a simple and small size implementation, a practical network could be given by using c equals 0.5. In this case, all 90º hybrid couplers utilized are 3 dB and they all can be implemented easily by using commercial 3dB 90º hybrid couplers, such as Mini Circuits QCN-25. Phase shifters are obtained by additional fixed length lines when is required. The scattering matrix associated to this network, obtained by replacing matrix (10), will be, 
The radiating element used consists of two stacked circular patches. As it is shown in [13] , the bandwidth of its radiation pattern is on the order of 60º.
With the aim of checking a correct performance, the ideal network has been simulated by utilizing Advanced Design System (ADS) 2009, Fig. 5 . The scattering matrix shows a perfect behavior. Once the ideal architecture shows a good performance, the real network is simulated by using measured s parameters of both, phase shifters and QCN-25 90º 3dB hybrid coupler, showing agreement with expectations. The network has been implemented in microstrip RO4350B, Fig. 6 . Fixed phase shifters and 3 dB 90º hybrid couplers QCN-25 have been evaluated independently in order to assure a good performance. The use of commercial couplers is important when total size dimensions must be minimized. The network has ±0.3 dB module error and ±5º phase error, which is acceptable, as it is depicted in Fig. 7 where a comparison between radiation patterns simulated with theoretical and measured s parameters shows low beam deviations. Fig. 7 : Simulation of the radiation pattern of the whole system, cell antenna and dissipative network, considering theoretical (red) and measured (blue) s parameters Moreover, the whole system, dissipative network built with GEODA cell array, has been measured in the anechoic chamber of the Radiation Group of Technical University of Madrid, demonstrating expected performance (Fig. 8) . 
VI. CONCLUSIONS
MBFN for triangular subarrays of three radiating elements has been studied. Intrinsic features of lossless network limit the number of beams generated. A novel non-orthogonal network providing three ortogonal θ 0 beams and an extra broadside one has being proposed. Practical implementation of the network integrated to GEODA triangular subarray has been built and measured obtaining expected results.
ACKNOWLEDGMENT
This work is been supported by CROCANTE project with reference TEC2008-06736-C03-01 and SICOMORO project with reference TEC-2011-28789-C02-01.
